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Abstract 
Purpose: In radiation therapy, gold nanoparticles (GNPs) are regarded as a promising radiosensi-
tizer candidate. Several studies have revealed a dose enhancement by GNPs in X-ray and even 
proton irradiation. However, these studies have been limited to the depth direction. The dose dis-
tribution in both depth and lateral directions is crucial to evaluate the full radio sensitizing effect. 
The purpose of this study is to estimate the dose distribution around a GNP in terms of ejected 
electrons. Methods: The Geant4 Monte Carlo simulation toolkit was used to evaluate the energy 
deposition of electrons produced by a GNP. A 20 nm diameter spherical GNP was located in a water 
box and proton beams were incident unidirectionally. The energy deposition and location of pro-
duced electrons were tallied by 5 nm width water slabs at a variety of depths behind the GNP. The 
radial dose distribution was obtained in each slab. Results: The largest radial dose was observed 
in the slab closest to the GNP. At the slabs deeper than 90 nm, the dose in the radial direction 
within 10 nm from the beam direction was found to be smaller than that without GNP. This is be-
cause the presence of a GNP decreases the dose behind the GNP, forming a dose shadow. The dose 
enhancement both in depth and lateral directions was shown in surrounding areas. The area of 
distribution became larger as the absorbed dose decreased. Conclusion: The dose distribution 
around a GNP was estimated by a simulation study. The dose enhancement was observed in both 
the lateral and depth directions. This study will enable us to make use of GNPs as a radiosensitizer 
in proton therapy. 
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1. Introduction 
Radiation therapy has been widely conducted as an effective means to eradicate tumor tissues. To treat refrac-
tory cancer tissues, however, dose should be more concentrated than to other tumor tissues. For enhancing the 
radiation effects on such obstinate tissue, Gold nanoparticles (GNPs) have been regarded as a promising candi-
date radiosensitizer [1]-[3]. GNPs are functionalized with proteins such as antibodies or peptides so that they can 
target tumor cells [4] [5]. Inside the tumor cell exposed to X-rays, GNPs produce secondary electrons and en-
hance the dose due to the high atomic number of gold (Z = 79) [6]-[8].  

Meanwhile, particle therapy, including proton therapy, is known to provide a desirable dose distribution in 
which a high dose region is formed at a depth referred to as the Bragg Peak [9]. In spite of this physical charac-
teristic, there have been few published investigations concerning the dose enhancement by GNPs with proton 
irradiation. In vivo and in vitro studies have shown that GNPs exhibit a remarkable radiosensitization effect even 
with proton irradiation [10]-[12]. From a theoretical point of view, the dose enhancement by secondary electrons 
ejected from GNPs exposed to protons decreases more rapidly with distance from the GNP surface compared to 
photon irradiation because the energy transfer to electrons from a proton is smaller than that from a photon 
(X-ray or γ-ray) [13] [14].  

In order to realize the application of GNPs as a clinical radiosensitizer in proton therapy, it is essential to 
know the dose distribution around GNPs in detail. For both photon and proton beams, several reports have re-
vealed the dose enhancement in the depth direction [7] [13]-[15]. However, as far as we know, no studies con-
sidering the radial dose distribution of electrons ejected from GNPs in proton irradiation have been reported. In 
this article, we present calculations of the radial dose distribution caused by secondary electrons from a GNP 
using the Geant4 Monte Carlo simulation toolkit [16]. It is shown that GNPs enhance the dose not only in the 
depth direction, but also in the radial direction. 

2. Methods and Materials 
The radial dose distribution of electrons produced by physical reactions between proton beams and a GNP was 
calculated by a simulation with the Geant4 Monte Carlo toolkit (version 4.10.0). The G4EmLivermorePhysics 
list was used to track low energy electrons down to 10 eV. The step length was set to 0.1 nm.  

A spherical 20 nm diameter GNP was located at 0.5 μm depth in a liquid water box (3 μm × 1 μm × 1 μm) as 
shown in Figure 1. The GNP was unidirectionally irradiated by 106 protons. Considering the clinical application, 
GNPs should be irradiated by a relatively low energy proton beam so that the Bragg Peak can be formed at the 
location of the GNPs inside tumors to maximize the dose enhancement effect. For this reason, we chose 0.7 
MeV protons as the incident beam which formed the Bragg peak at about 0.5 μm depth in the water box. Mul-
tiple water slabs with 5 nm thickness (5 nm × 1 μm × 1 μm) were positioned at intervals of 15 nm from 0 to 500 
nm and at intervals of 100 nm from 500 nm to 2.5 μm behind the GNP to tally the energy deposition and posi-
tion of electrons.  

Next, from the energy deposition and position data, the radial dose distribution was plotted as a function of 
the distance from the proton beam direction in each slab. To evaluate the enhancement effect, the energy deposi-
tion without the GNP was subtracted from the energy deposition in the presence of the GNP. 

Finally, the absorbed dose distribution by electrons was evaluated from the relationship between the GNP- 
slab distance and proton beam direction-electron distance. Here, the dose distribution in each slab was obtained 
by averaging the dose from −90% to +110%. 

3. Results 
Radial dose distributions at locations for 3 slabs are shown in Figure 2. The dose in the figure represents the 
subtracted dose (Dsub) in which the dose with GNP (Dwith GNP) is subtracted by the dose without GNP (Dwithout GNP). 
It was shown that the doses at 0 and 15 nm from the GNP surface decrease similarly after 10 nm, while the dose 
at 90 nm from the GNP surface is slightly lower than that without GNP at up to about 2 nm from the proton 
beam direction (beam axis). This latter minus region is referred to as a “dose shadow” that is caused by proton 
collision with the GNP. 

Figure 3 shows the dose distribution as a function of depth and radial distance from the GNP center. In this 
figure, the proton beam is incident on the GNP sphere from the left. From 1 to 1000 [μGy/particle], the distribu- 
tion area spreads in the lateral direction as well as in the depth direction as the dose value becomes smaller.  
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Figure 1. Geometry of the Geant4 simulation set up. A 20 nm diameter gold nanoparticle (GNP) 
is located at 0.5 μm depth in a liquid water phantom. The GNP is irradiated by a proton beam 
unidirectionally from the left. Five nanometer thickness water slabs are positioned behind the 
nanoparticle to tally the energy deposition and location of electrons. Tally slabs are positioned at 
intervals of 15 nm from 0 to 500 nm and 100 nm from 500 nm to 2.5 μm. 

 

 
Figure 2. Radial dose distribution (Dsub = Dwith GNP − Dwithout GNP) of electrons ejected from GNP at 3 
slabs. The blue line represents 0 nm, the red line 15 nm, and the green line 90 nm from GNP surface. 
The dose represents the value divided by the number of incident protons (106). 

 

 
Figure 3. Dose distribution around a GNP. Each line represents 1000, 100, 10, 1, −10, and −100 
[μGy/incident particle]. Since the dose without GNP is subtracted from the dose in the presence 
of GNPs, the dose presented in the figure can become lower than zero, which is shown at depths 
larger than 90 nm from the GNP center. 
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However, the region where the dose became less than 0 [μGy/particle] appears in a narrow range after 90 nm 
from the GNP center. As an attempt to assume the effective volume being bounded by Dsub = 1 [μGy/particle] 
and simplified as a cuboid with a volume of 2.5 × 10−14 [cm3] (=100 nm × 100 nm × 2.5 μm), the effect around 
the GNP is not insignificant when the density of GNPs is larger than 4 × 1013 [1/cm3] (=1/(2.5 × 10−14)). 

4. Discussion 
In this study, we have shown that a GNP irradiated by protons enhances the dose not only in the depth direction 
but also in the radial direction from the proton beam axis. The dose distribution suggests that the effect (for 1 
[μGy/incident proton] of Dsub) extends over several micrometers in the depth direction and several tens of na-
nometers in the radial direction. 

It is well known that DNA double-strand breaks (DSBs) are a major cause of cell death [17]. Lin et al. re-
ported that the dose by proton irradiation decreases rapidly at around 10 μm from the GNPs surface, which is 
much shorter in length than that by photon irradiation [14]. This indicates the importance of effective cellular 
uptake of drugs that contain GNPs near the cell nucleus of 10 μm in diameter. As shown in this study, the dose 
by proton is spread around a GNP in multiple directions, which can be utilized to enhance the treatment effect 
[18]. 

The dose enhancement ratio (DER) is often used to evaluate the effectiveness of radiosensitizers. However, 
DER is inappropriate in this study because the ratio of Dwith GNP to Dwithout GNP can be quite large (sometimes in-
finity) at some local points. That is why we subtracted Dwithout GNP from Dwith GNP. 

There are a number of limitations with the present study. A fundamental physical dose distribution in a simple 
geometry by means of a Geant4 Monte Carlo simulation is presented. Although more specific study is necessary 
in terms of the simulation geometry and proton beam energy, the result of dose enhancement around a GNP in 
this study will help us estimate the effective length and to achieve an appropriate drug concentration. 

5. Conclusion 
In this study, we investigated the effective distance of the dose enhancement around a GNP exposed to a proton 
beam by a Monte Carlo simulation. The dose enhancement was confirmed in the region within 2.5 μm in depth 
direction and within 100 nm in lateral direction relative to the beam axis. A dose shadow was also observed at 
the depth from 90 nm to 2.5 μm distal to the GNP. The results will enable us to project the radiosensitizing ef-
fect in clinical applications of proton therapy. 
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